The effect of ractopamine hydrochloride (RH) and zilpaterol hydrochloride (ZH) on slice shear force (SSF) and sensory characteristics of beef from calf-fed Holstein steers was evaluated. All steers were implanted with a progesterone (100 mg) plus estradiol benzoate (10 mg) implant followed by a terminal trenbolone acetate (200 mg) plus estradiol (40 mg) implant. Steers were blocked by weight into pens (n = 32) randomly assigned to 1 of 4 treatments: control, RH fed at 300 mg·steer −1 ·d −1 (RH 300) or RH fed at 400 mg·steer -1 ·d -1 (RH 400) for the final 31 d of finishing, or ZH fed at 6.8 g/t for 21 d with a 5-d withdrawal before harvest. Fourteen carcasses were randomly selected from each pen, and two LM samples (1 per side) were excised and aged either 14 or 21 d before SSF testing. For trained panel evaluation, two steaks were collected from each of 60 low Choice strip loins (20 each from control, RH 300, and ZH treatments) and aged either 14 or 21 d. Steers fed RH and ZH produced steaks with SSF values that were 9% to 25% higher than controls. No difference in SSF was detected between the two levels of RH (P > 0.05). Compared to controls, the probability of steaks aged 14 d failing to meet SSF requirements to be certified tender (SSF < 20 kg) was increased 0.15, 0.17, and 0.26 in steers fed RH 300, RH 400, and ZH, respectively. Compared to controls, the probability of steaks aged 21 d having SSF values >20 kg was increased 0.03, 0.08, and 0.16 in steers fed RH 300, RH 400, and ZH, respectively. Steaks from Select carcasses of steers fed ZH aged 21 d postmortem had double the probability (0.39 vs. 0.17) of having SSF values >20 kg compared to steaks from steers fed either level of RH (P < 0.05). This difference tended to be identical in steaks from Select carcasses 14 d postmortem (0.50 vs. 0.33; P = 0.11); however, no difference was found in low Choice samples at 14 or 21 d postmortem. Trained panelists rated steaks aged 14 d from steers fed ZH lower for overall tenderness and flavor compared to controls (P < 0.05); however, no difference was found between controls and those fed RH 300. Steaks from steers fed ZH aged 21 d were rated lower for overall tenderness and juiciness compared to controls and those from steers fed RH 300 (P < 0.05). This study suggests RH and ZH negatively impact sensory attributes of beef from calf-fed Holstein steers.
INTRODUCTION
Dairy-type carcasses have been estimated to comprise 9.9% of those presented for grading at fed-beef facilities (Moore et al., 2012) . Carcasses exhibiting dairy type have traditionally been discounted, despite greater amounts of marbling (McKenna et al., 2002; Moore et al., 2012) . Discounts reflect low muscle-tobone ratio and low consumer acceptance of size and shape of top loin steaks from dairy-type cattle. Betaagonists may be a mechanism to modify size and shape of steaks from dairy-type cattle and increase antemortem performance, carcass weight, and muscle-to-bone ratio (Bass et al., 2009; Beckett et al., 2009; Boler et al., 2009; Garmyn et al., 2010; Haneklaus et al., 2011) .
Beta-agonists have been reported to reduce marbling and tenderness (Dikeman, 2007) . Consequences of use may be dependent on compound and supplementation level (Avendaño-Reyes et al., 2006; Scramlin et al., 2010; Arp, 2012) . Negative effects of β-agonists on meat quality could be less noticeable in higher-quality cattle, such as calf-fed Holstein steers. Conflicting research exists with respect to the ability of consumers to detect differences in sensory attributes of steaks from Holstein steers fed zilpaterol hydrochloride (ZH; Hilton et al., 2009; Mehaffey et al., 2009; Garmyn et al., 2010) . A number of works have examined the effects of ZH on calf-fed Holsteins Boler et al., 2009; Holmer et al., 2009; Mehaffey et al., 2009; Garmyn et al., 2010; Haneklaus et al., 2011) , whereas a limited amount of literature exists on the effects of ractopamine hydrochloride (RH) in calf-fed Holstein steers (Bass et al., 2009; Vogel et al., 2009) . No work exists that has compared both commercially available β-agonists in the same population of calf-fed Holstein steers. The objective of this study was to determine the effect of both RH and ZH on slice shear force and sensory attributes of calf-fed Holstein steers.
MATERIALS AND METHODS
Animal handling protocols at the feedlot met the standards published in the Guide for the Care and Use of Agricultural Animals in Agricultural Research and Teaching (Federation of Animal Science Societies, 1999) .
Experimental Design
Steers were fed for a total of 360 to 380 d in southern Arizona, concluding during November and December 2012. On arrival, steers were implanted with a progesterone (100 mg) plus estradiol benzoate (10 mg) combination implant (Synovex-C, Zoetis, Florham Park, NJ). Steers were reimplanted with a terminal trenbolone acetate (200 mg) plus estradiol (40 mg; Revalor-XS, Merck Animal Health, Summit, NJ) implant and blocked by weight into pens (n = 32) of 90 steers each. Eight blocks were present in the study, with each treatment represented once within each block. Pens within blocks were randomly assigned to 1 of 4 treatments: no β-agonist (control), RH fed at 300 mg·steer -1 ·d -1 (RH 300) for the final 31 d of finishing or RH fed at 400 mg·steer -1 ·d -1 (RH 400) as a top dress for the final 31 d of finishing, and ZH fed at 7.56 g/ton on a 100% DM basis for 21 d with a 5-d withdrawal before harvest. All protocols were conducted on the basis of label approved methods for feeding that are common to the U.S. beef industry.
Slaughter and Carcass Sampling
Steers were harvested over four wk with two pens/ treatment represented each week. Steers were transported 3 h via semitrailer from the feedlot to the harvest facility. Upon arrival, steers were held approximately 2 to 6 h before harvest to allow for inspection by USDA Food Safety and Inspection Service (FSIS) personnel. Steers were harvested by pen, in random order, under inspection by USDA-FSIS. Carcasses were exposed to electrical stimulation approximately 45 min after exsanguination and before being chilled for 48 h. Carcasses were ribbed between the 12th and 13th ribs, and grade data were collected online using a portable VBG 2000 VIA system (e+v Technology GmbH & Co.KG, Oranienburg, Germany). Fourteen carcasses per pen were randomly selected for slice shear force (SSF) determination. Random selection of samples for SSF determination dictated that the distribution of Quality Grade was representative of each treatment but not balanced within treatment. Carcasses that had excessive trim, hide pulls, or abnormalities such as "fat pulls" were excluded from selection for SSF evaluation. Samples of LM approximately 6.35 cm thick were excised from the anterior portion of the strip loin from both sides of carcasses selected for SSF determination. Samples were randomly assigned to either 14-or 21-d aging periods. During harvest wk 2 and 3, sixty USDA low Choice strip loins were collected such that 20 loins each from the control, RH 300, and ZH treatments were represented. Loins were fabricated into steaks using a scalloping blade fitted to a band saw (model 3334, Biro Manufacturing Co., Marblehead, OH); two of the first eight steaks fabricated from the anterior end were randomly assigned to either 14-or 21-d aging periods before evaluation by a trained sensory panel (TP). The RH 400 treatment was omitted from TP evaluation as feeding of RH at this level was not common to the entirety of the calf-fed Holstein population from which this sample population was derived.
Samples for SSF and TP were aged on site in Arizona at 4°C and subsequently frozen at -28.8°C if the specified aging period was completed before completion of the 4-wk study. Samples were transported either fresh or frozen in the presence of dry ice to Colorado State University. Fresh samples were evaluated for temperature on arrival; unfortunately, several samples that were intended to be kept fresh to reach appropriate postmortem aging times were inadvertently frozen during transport and had to be removed from the sample population. The remaining samples were placed into storage either at -28.8°C or at 4°C to complete the specified postmortem aging time. Following freezing, samples for SSF determination that were excised from carcass sides as 6.35-cm-thick portions of loin were fabricated on a band saw (model 400, AEW-Thurne Ltd., Norwich, UK) to a thickness of 2.54 cm with external fat trimmed to approximately 0.3 to 0.6 cm. Steaks remained frozen for at least 1 wk before SSF determination.
Slice Shear Force Measurements
Steaks for SSF were randomly allocated to 1 of 5 d such that each treatment and aging period was approximately equally represented on each day. Steaks were tempered for 24 h at 4°C to a target precooking internal temperature of 1°C to 3°C. Internal temperature and weight were recorded for each steak before cooking. Cooking was completed using a clamshell GRP99 Next Generation Grill (Spectrum Brands Inc., Madison, WI). During cooking, temperature was monitored in the geometric center of each steak using an Aquatuff Thermocouple (model 35140, Cooper-Atkins, Middlefield, CT). Steaks were cooked to a target peak internal temperature of 71.1°C. Steaks were weighed following cooking and before SSF determination. Slice shear force was conducted using the methodology described by Shackelford et al. (1999) on an Instron Universal Testing Machine (model 4443, Instron Corporation, Canton, MA) using a cross-head speed of 500 mm/min. Cook loss was calculated for all steaks as (precooking weight -postcooking weight)/precooking weight.
Trained Sensory Panel Evaluation
Panelists (n = 10) were trained for evaluation of nine sensory attributes, including myofibrillar tenderness, connective tissue tenderness, overall tenderness, juiciness, beef flavor, buttery, metallic, livery, and grassy. Flavor profile training was conducted using the standards published by Adhikari et al. (2011) . Thawing and cooking were conducted in a manner identical to that described for SSF measurements. Samples were trimmed of external edges and connective tissue before being portioned into cubes (1.27 × 1.27 × 2.54 cm). Panelists were served two cubes under incandescent red lighting and were provided with unsalted crackers, apple juice, and distilled water to cleanse the palate. Responses were marked on a 15-cm, unstructured line scale. The far right of each line (15.0 cm) corresponded to extremely tender or extremely strong presence for the specified sensory attribute; the far left (0.0 cm) corresponded to extremely tough or low presence. Two panels were conducted daily such that all treatments at each aging period were represented.
Determination of Frequency or Probability of Tough Steaks
Platter et al. (2005) used consumer purchasing behavior and Warner-Bratzler shear force (WBSF) to determine shear force thresholds at which consumers would be willing to bid on a steak and found that the odds of a consumer bidding on a steak became unfavorable when WBSF values exceeded 3.9 kg. Another study found that steaks with a WBSF value of 3.9 kg would have a 68% chance of being rated as acceptable for tenderness by consumers (Platter et al., 2005) . The threshold of 4.4 kg was adopted by ASTM (2011) for certification of tender steaks, along with a SSF threshold of 20.0 kg. In this work, the standards of ASTM (2011) were used to determine probability of less-than-tender steaks from each treatment. For determination of tough steaks based on TP, panelists were trained that rating a steak less than 7.5 cm for any tenderness attribute indicated that the steak was tough. Classification in this manner was nearly equivalent to TP evaluations that have used 8-point hedonic systems where a rating of 4 was equivalent to "slightly tough."
Statistical Analysis
Plots of residuals and the W statistic (Shapiro and Wilk, 1965) were evaluated to determine homogeneity of variance and normality for all data. Denominator degrees of freedom were calculated using the Kenward-Roger approximation (Kenward and Roger, 1997) . The software SAS 9.3 (SAS Inst. Inc., Cary, NC) was used for all data analysis. Mixed models were analyzed using the MIXED procedure. The GENMOD procedure was used to analyze frequency data, and all means were separated using pairwise t tests and a significance level of 0.05.
Shear force data were analyzed using a mixed model that included random block and cook day effects. Models included a random treatment by block interaction to separate an appropriate pen level error term for testing treatment effects. Additionally, models included covariates for peak internal cook temperature (degree of doneness) and marbling score initially, but covariates were removed due to lack of significance (P > 0.05). It should be noted that marbling score does not meet the classical definition of a covariate as it could be influenced by treatment; however, treatment was not influential to marbling in this sample population (P > 0.05), nor was marbling significant as a covariate for shear force. Frequency data for the probability of a steak failing to meet SSF requirements to be certified as tender (SSF < 20 kg; ASTM, 2011) were evaluated using simplified generalized linear models in the SAS procedure GENMOD (SAS Inst. Inc.). This simplification of the model statement was conducted following evaluation for overdispersion of the data (variance > µ) and determination that variance attributed to the block effect was zero. The Pearson χ 2 statistic divided by degrees of freedom showed no overdispersion.
Sensory panel data were evaluated using a mixed model that included fixed effect of treatment and a random effect of panel. Sensory panel samples were collected from only low Choice carcasses within control, RH 300, and ZH treatments during wk 2 and 3. Consequently, panel data by block was highly unbalanced, and the effect of block was not used in models for sensory panel responses. The CORR procedure was used to analyze correlations between TP responses and SSF data, as well as correlations among the sensory attributes that were evaluated.
RESULTS AND DISCUSSION
Although not presented here, treatment had no effect on marbling score of the sample population (P > 0.05; Howard, 2013) . Steaks from steers fed RH and ZH had higher SSF values than controls (P < 0.05) and reduced probability of meeting SSF requirements to be certified tender at 14 d postmortem compared to controls (P < 0.05; Table 1 ). At 14 d postmortem, the probability of a steak from the ZH treatment failing to be certified as tender was over 0.40, compared to just over 0.30 in both RH treatments; these probabilities were significantly higher than the control treatment (P < 0.05), which had comparable tenderness to levels recently documented at retail (Howard, 2013) . There was a trend for steaks from carcasses of steers treated with ZH to have increased probability of failing to meet SSF requirements to be certified tender compared to steaks from carcasses in the RH 300 treatment (P = 0.07). For steaks aged 21 d, the probability of failing to meet SSF requirements to be certified tender was improved by 0.13 to 0.15 for all β-agonist treatments.
Compared to controls, β-agonists increased shear force by 12% to 25% in steaks aged 14 d (Table 1 and Fig. 1 ) and 9% to 21% in steaks aged 21 d (Table 1 and Fig. 2 ; P < 0.05). Previous work has reported similar increases in WBSF of steaks from calf-fed Holstein steers fed ZH Garmyn et al., 2010 (Scramlin et al., 2010; Arp, 2012) . The current work found a shift in distribution of SSF around approximately 20 kg at 14 d postmortem and around 16 kg at 21 d postmortem ( Fig. 1 and 2) . No effect of treatment on cook loss was observed (Table 1 ; P > 0.05).
Effects of β-agonists on beef tenderness at differing Quality Grades has been examined in Holstein steers with varying conclusions as to the ability of consumers to detect differences in tenderness ). The potential for differences in tenderness to occur based on differing Quality Grades for steaks from calf-fed Holstein steers fed β-agonists necessitated evaluation of SSF by Quality Grade and treatment (Tables 2 and 3 ). Tests of hypotheses regarding differences in SSF by Quality Grade and treatment at differing postmortem aging times were not an objective of the experiment. The sample size of the present work allowed these tests to be conducted with some power; however, not all differences represented in Tables 2 and 3 are reflective of what might be found in a study that balanced observations by age and Quality Grade within treatment to determine differences in SSF by Quality Grade and β-agonist protocol.
Probability data for SSF to exceed 20 kg as separated by Quality Grade (Table 2) were analyzed in a manner identical to that described above for the sample population at 14 and 21 d postmortem. The probability of steaks failing to meet SSF requirements to be certified a-c Least squares means and probabilities within a row without a common superscript differ (P < 0.05).
x,y Least squares means within a column without a common superscript differ (P < 0.05).
1 Control: implanted with Revalor-XS (Merck Animal Health, Summit, NJ); RH 300: Revalor-XS + ractopamine hydrochloride (RH) at 300 mg·steer −1 ·d −1 ; RH 400: Revalor-XS + RH at 400 mg·steer −1 ·d −1 ; Zilpaterol: Revalor-XS + zilpaterol hydrochloride at 7.56 g/ton on a 100% DM basis.
2 P TRT = Probability of difference between treatment means occurring when, in fact, no difference existed. Probabilities without a common superscript differ (P < 0.05).
1 Effect of block removed from model following analysis for overdispersion of data.
2 Control: implanted with Revalor-XS (Merck Animal Health, Summit, NJ); RH 300: Revalor-XS + ractopamine hydrochloride (RH) at 300 mg·steer −1 ·d −1 ; RH 400: Revalor-XS + RH at 400 mg·steer −1 ·d −1 ; Zilpaterol: Revalor-XS + zilpaterol hydrochloride at 7.56 g/ton on a 100% DM basis.
3 P TRT = Probability of difference between treatment means occurring when, in fact, no difference existed. as tender was higher in Select steaks from the ZH treatment at 21 d postmortem (P < 0.05). When data were evaluated by Quality Grade and aging period, sample size was reduced, which negatively affected power. Consequently, treatment did not affect the probability of a steak failing to meet SSF requirements to be certified tender in low Choice and Select samples at 14 d postmortem (Table 2 ; P = 0.12 and P = 0.13 for low Choice and Select, respectively).
Trained Sensory Panel Evaluation
Trained panelists rated steaks from steers supplemented with ZH lower for overall tenderness compared to controls at 14 and 21 d postmortem (Table 4 ; P < 0.05). Juiciness was lower in steaks from steers fed ZH at 21 d postmortem compared to controls and RH 300 (P < 0.05). The results of this study are in agreement with previous research that has evaluated steaks from calf-fed Holstein steers fed ZH using trained sensory panelists Garmyn et al., 2010) . Marbling score, as assessed by VIA imaging technology, was evaluated as a potential covariate and was not significant for beef flavor at 21 d postmortem (P > 0.05), but steaks from the RH and ZH treatments were rated lower for flavor intensity compared to controls at 21 d postmortem (Table 4 ; P < 0.05). Differences in beef flavor intensity independent of marbling score are significant given the documented influence of marbling on trained panel ratings for flavor (Emerson et al., 2013) .
Ratings for overall tenderness and SSF of the same steaks had a correlation coefficient of -0.61. Correlations between sensory attributes were generally less than 0.50. However, at 14 d postmortem, buttery flavor and beef flavor and buttery flavor and overall tenderness had correlation coefficients of 0.56 and 0.52, respectively. No off-flavors were detected by trained panels at levels over 1.0 cm on the 15.0-cm line scale, which indicated little to no presence of off-flavors in the sample population (Table 4) . Results of this study indicated that tenderness, juiciness, and flavor were all negatively impacted by β-agonists, and SSF was reasonably correlated to trained panel responses for tenderness of steaks from calf-fed Holstein steers fed β-agonists. Panelists were trained that rating a sample below 7.5 cm on the 15-cm line scale indicated the sample was unacceptable for tenderness, juiciness, or beef flavor. Training in this manner allowed classification of steaks as either tough or tender based on overall tenderness ratings (Table 4) . Steaks aged 14 d from steers fed RH 300 and ZH had probabilities of being rated tough that were 0.05 and 0.35 greater than controls, respectively. By 21 d postmortem, no steaks from steers fed RH 300 were rated as tough by trained panels; however, steaks from steers fed ZH had a 0.15 probability of being rated as tough. Several authors have reported that aging steaks from cattle fed ZH for 21 d postmortem may minimize differences in shear force and classification of steaks as unacceptable for tenderness Garmyn et al., 2010; Rathmann et al., 2012) . Our findings for the probability of low Choice steaks from calf-fed Holstein steers fed ZH that were aged 21 d being rated as tough by trained panels are in partial agreement with this. Our findings are most similar to those of Rathmann et al. (2009) , who reported approximately 15% of steaks aged 21 d from beef-breedtype steers that were fed ZH for 20 d before harvest had WBSF values greater than 4.9 kg. The current study used a sample population for TP determination that consisted of only steaks from low Choice carcasses; consequently, confirming the incidence of tough samples from Select carcasses was not possible.
It has been suggested that days on feed may minimize the negative effects of β-agonists on sensory attributes and shear force. Rathmann et al. (2012) reported that the adverse effects of ZH on beef quality could be minimized by extending days on feed, specifically citing comparable Quality Grades and reduced differences in WBSF values between nonsupplemented controls and heifers supplemented with ZH that were fed for an additional 21 d on feed, then aged 21 d postmortem. Steers in the current study were fed for comparable periods; however, this period was 360 to 380 d, a duration that would certainly be considered extended to any cattle feeder in the United States. The current study found significant differences in tenderness and sensory characteristics, indicating additional research may be required to determine if feeding practices can indeed minimize sensory differences in steaks from cattle fed aggressive β-agonists. Last, it should be noted that additional days on feed could also have dramatic financial implications to feeders if turnover in the feed yard is reduced.
Beta-agonists increased SSF of steaks from all Quality Grades and resulted in lower TP ratings for most sensory attributes of low Choice steaks from calf-fed Holstein steers. Beta-agonists more noticeably increased SSF at 14 d postmortem. This issue was magnified in cattle fed ZH that graded Select. At 21 d postmortem, the frequency of tough steaks from calf-fed Holstein steers fed ZH was more similar to those fed RH. Within steaks from low Choice carcasses that were aged 21 d postmortem, ZH reduced TP ratings for overall tenderness, juiciness, and flavor. Differences in flavor profile did not result from differences in marbling. Panel ratings used to determine tenderness acceptability of low Choice samples indicated that aging to 21 d postmortem was required for steaks from steers fed ZH to reach comparable levels of tenderness to those of steers fed RH 300 that were aged 14 d postmortem. Beta-agonists are an essential tool to improve feed efficiency and subprimal yield; however, β-agonists appeared in this study to be detrimental to beef quality.
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